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a b s t r a c t
The frequent replacement of worn rails on tracks brings an immense economic burden on
the railroad industry, and also causes significant interruptions to railroad operation.
Restoration of worn rails via laser powder deposition (LPD) can considerably reduce the
associated maintenance costs. This study was focused on the use of LPD to repair the worn
profile of a standard U.S. rail. The microstructure of the 304L stainless steel deposits with a
minimum hardness of 85 HRB was composed of austenite, d-ferrite, and sigma. Micropores
were dispersed throughout the deposit, and microcracks were found at the rail-deposition
interface. The pearlitic rail substrate showed a moderate hardness of 94 HRB. The finegrain, pearlitic-ferritic heat affected zone had the maximum hardness of 96 HRB, which
was still below the minimum required hardness of 97 HRB for a typical rail. To increase
the hardness to or above 97 HRB and to mitigate the microstructural defects, the asrepaired rail went through a heat treatment process. The average hardness of the astreated rail was increased significantly, i.e., to 103 HRB. Besides, the porous and coarsegrain deposition materials were transformed into an impermeable and fine-grain
microstructure. However, heat treatment intensified the microcracks at the raildeposition interface and also led to the formation of martensite and augmentation of the
micropores in the parent rail. Isolation of the base rail during heat treatment and preheating were suggested as solutions for the problematic results. The LPD process ultimately
was found to be a promising technique for repairing rails.
Ó 2021 Tongji University and Tongji University Press. Publishing Services by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

1. Introduction
The rapid growth of train axle loads and rail traffic leads to an increase in the rate of tribological damages such as rolling
contact fatigue and wear of rail in tacks. Increasing the damage rate consequently necessitates either replacing the worn rail
in tracks with new rails or repairing the worn rails. Periodic replacement yields significant costs and causes interruptions to
railroad operations. The use of metal additive manufacturing (AM) to repair an impaired steel tool has generated recently
significant interest. Kral et al. (2004) were the first research team to suggest the idea of incorporating AM means for restoring
rails as a way of extending their service lives.
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Generally, metal AM is either arc-based or laser-based. The analyses of the arc-based rail repair technique by researchers
(Jun et al., 2016; Mortazavian et al., 2020) showed that the high input of heat during arc welding engenders the initiation of
cracks, contributes to high residual thermal stress, and results in a high-rooted heat affected zone (HAZ), which consequently
makes arc-based welding a vulnerable process for rail repair. One of the seven divisions in metal AM, which specifically uses
laser-based AM, is referred to as directed energy deposition. Among the available directed energy deposition techniques,
laser powder deposition (LPD) is the most pertinent means for repairing high-value worn parts and also for wear- and
corrosion-resistant coating applications. Sexton et al. (2002) compared the conventional arc-based repair tool and the
non-traditional LPD repair technology, and the resulting pore-free and crack-free laser-cladded layers exhibited a definite
advantage of the nickel-based superalloy repaired by LPD over that of the superalloy repaired by an arc. Other salient features of LPD include its compatibility with a wide range of weldable alloys and its limited and manageable laser beam diameter, which makes it a localized process leading to a decreased HAZ and less residual stress compared to arc welding. These
observations made it clear that LPD was the preferred approach for repairing a worn rail.
To date, many studies have been published relative to the investigation of LPD repaired rails, and the studies have
addressed their metallurgical, mechanical, and tribological properties. Narayanan et al. (2019) have focused specifically
on laser cladding the standard European R260 rails. They utilized laser cladding as a preventative (not repairing) maintenance technique by cladding a single layer of a premium martensitic steel on the rail surface to improve its fatigue and wear
performance. Shariff et al. (2010) explored the effect of laser cladding on sliding wear resistance of standard India’s T-12 rail
steel under two different conditions, i.e., first, laser hardening without any deposition, second, laser melting by depositing
one layer of hardened steel. Regarding standard Korean rails, Seo et al. (2019) analyzed LPD as a surfacing tool for improving
the wear characteristics of KS60 rails. They tried depositing a layer of different alloys to attain the lowest achievable wear
rate. In China, Zhu et al. (2019) and Meng et al. (2019), conducted similar studies that were focused on the outcomes of the
use of LPD on Chinese brand U71Mn Rail. Soodi et al. (2012) and Roy et al. (2020) have devoted their work solely to surveying
the different aspects of laser-cladded, premium hypereutectoid rail, i.e., standard Australian heavy-haul rail. They investigated the microstructure and residual stress in a rail that is cladded with a single layer of high-strength alloy. The evolution
of residual stress distribution as a result of cladding an additional second layer was also examined in their studies.
All of the studies thus far have examined a surfaced rail with only one or two layers of cladding rather than a rail that had
been repaired completely by the deposition of multiple layers. To use LPD to completely revive the original profile of a worn
rail, multiple layers must be deposited. Consequently, the local solid-state transformation of every layer that is added
depends significantly on the initial temperature of the last deposited layer. In addition, when new cladding layers are deposited, the layers that were deposited earlier undergo new thermal cycles that can have significant effects on the final properties of the entire build. Accordingly, the investigation of multiple deposited layers must be done differently from the
investigation of a single cladded layer, but, this has gained little attention to date, and it has not been addressed in the available literature. Also, the earlier studies in the scope of the LPD rail repair have been limited to standard European, Chinese,
Indian, Korean, and Australian rails. Other than the previous works of the current authors (Mortazavian et al., 2018, 2019),
there is no information in the open literature regarding the application of LPD on standard rails in the U.S. transportation
system. The 75-lb rail is a standard rail used in the U.S. intercity light transportation system. Former studies
(Mortazavian et al., 2018, 2019) predominantly have contemplated a finite element investigation of the hardness and residual stress distribution in an LPD repaired rail. However, despite the accurate predictions of the model, it was unable to offer a
comprehensive perception of the metallurgical and chemical distribution of the repaired rail, which has an instant effect on
the resulting mechanical and tribological properties.
The present work is devoted solely to the experimental investigation of an LPD-repaired 75-lb rail. The microstructural
and chemical distribution, as well as the hardness measurements, are outlined and compared in different zones of the
repaired rail. To improve the properties of the final product, a heat treatment process is conducted on the repaired rail. Then,
the resulting metallurgical and mechanical properties of the heat-treated rail are inspected to evaluate whether or not the
resulting properties meet the available standard requirements.

2. Experimental
2.1. Materials
The chemical composition of the standard 75-lb is provided in Table 1. A 150-mm length of the worn rail was cut to be
LPD repaired. Fig. 1a shows the worn rail.
Regarding the deposition materials, the standards developed by the American Railway Engineering and Maintenance-ofway Association (AREMA) have strictly prohibited the presence of martensite in any manufactured rail (AREMA Manual for
Railway Engineering, 2017). Also, due to the remarkable corrosion resistance, great weldability, and outstanding mechanical
properties of austenitic stainless steels, they are one of the most recommended materials in all kinds of manufacturing
industries, especially the AM industry (Davis, 1994). Among the available austenitic stainless steels in powder form for
the LPD process, 304L stainless steel has exceptional laser compatibility and a supportive resistance to corrosion and abrasion (Mehrazi et al., 2016). Therefore, this steel is used as the deposition material for the LPD rail repair. Table 1 provides the
chemical composition of the 304L powder.
2
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Table 1
Chemical composition of rail and deposition materials (wt.%).
Fe

C

Cr

Mn

Si

Ni

O

N

P

S

Cu

Mo

Rail (C-Mn Steel)
Deposition (304L)

Bal.
Bal.

0.790 ± 0.053
0.03 ± 0.015

–
18.0 ± 1.1

1.14 ± 0.28
2.0 ± 0.4

0.230 ± 0.023
1.0 ± 0.5

–
9.0 ± 1.4

–
0.015 ± 0.002

–
0.090 ± 0.005

0.043 ± 0.022
0.025 ± 0.019

0.035 ± 0.020
0.018 ± 0.012

–
0.05 ± 0.02

–
0.05 ± 0.02
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Fig. 1. (a) Worn rail; (b) repaired rail, front view; (c) repaired rail, upper view, showing the longitudinal tool path; (d) a thin slice from the repaired rail, as
the test specimen, showing the transversal tool path, i.e., the deposited layers.

All of the visible rusts and contaminants at the macro scale on the railhead are sandblasted and wiped off to ensure the
best metallurgical bonding. Fig. 1b illustrates the LPD repaired rail.
2.2. Laser powder deposition (LPD)
A typical LPD setup generally is composed of a laser beam that develops a melt pool on the substrate, a carrier gas to blow
powder particles into the melt pool, and a shielding gas flow around the melt pool threshold to block any possible oxidation.
The worn rail is clamped to a 5-axis CNC table equipped with a 4-kW IPG fiber laser gun and a 9 MP Metco powder feeder.
The laser is defocused with a 5 mm diameter on the surface of the rail substrate with a stand-off distance of 11 mm. The
other processing parameters include a laser power of 1.8 kW, a powder feeding rate of 2 cm3/min, a carrier gas flow of 6
slpm, a travel speed of 16 mm/s, and an Argon shielding gas flow of 5 slpm. Fig. 2 is a schematic of the utilized LPD system.
Regarding tool path, the LPD process was performed along the longitudinal direction of the rail, i.e., the ±x direction in
Fig. 1c. An idle time of 9 seconds is allowed between the deposition of two consecutive clad tracks, and there is a 50% overlap
for the adjoining deposited clads. Fig. 1d shows that there are a total of six deposition layers built upon one another in the +y
direction.
2.3. Sample preparation and tests
A thin portion is cut from the repaired rail (Fig. 1d) to serve as a test specimen. A 1/1600 aluminum ball is used in the LECO
hardness test machine to measure the B-scale Rockwell hardness. The hardness test scale that is used was chosen based on
the available ASTM E18-15 standards for low-carbon and mild-carbon steels.
The test specimen is cleaned ultrasonically and polished down to a thickness of 1 micron using diamond paste on SiC
paper disks. To make the grain microstructure of the sample visible at the micro scale, an HCL-based etchant consisting
of 10 ml of H2O, 1.5 ml of H2O2, and 30 ml of HCL is used to etch the specimen. The primary inspection of the etched sample
was performed using a Leica DM750M optical microscope (OM). To explore some additional details that are missing in the
morphology provided by the OM, a JEOL JSM-5610 scanning electron microscope (SEM) was used to perform a secondary
analysis of the microstructure. An Oxford ISIS electron dispersive X-ray spectroscopy (EDS) detector was connected to the
SEM device for use in analyzing the chemical composition in different areas of the specimen.

Fig. 2. Schematic of a coaxial LPD assembly.
4
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The resulting deficient hardness of the repaired rail made it mandatory to move on to a post-heat-treatment process to
ensure that the final product meets the required microstructural and mechanical properties. Among the available heat treatment methods, quenching generally is recommended to enhance the hardness and strength properties of steel. However, in
the case of stainless steel, quenching should be followed by a second-step heat treatment to dissolve the grain-boundary
precipitated carbides, thereby avoiding any sensitization or excessive brittleness. Accordingly, in line with the results presented by Essoussi et al. (2019), the post-processing heat treatment used for the as-repaired rail consists of two steps,
i.e., 1) a solution treatment for 1 hour at 1150 °C followed by water quenching and 2) isothermal tempering at 350 °C for
30 minutes followed by cooling in still air. Therefore, the as-repaired specimen was placed into an FO110CR muffle furnace
that was heated up to 1150 °C. After 1 hour of soaking into 1150 °C, the specimen was removed from the furnace and immediately quenched into the water. Then, the quenched sample was placed again into the furnace, but this time for 30 minutes
long and at 350 °C. It was then removed from the furnace and put outside in the still air to be cooled down naturally. In this
way, the microstructural analysis and hardness measurement of the repaired rail specimen are conducted in two different
conditions of the specimen, i.e.:
 The as-repaired specimen: The repaired rail specimen after LPD but before heat treatment
 The as-treated specimen: The repaired rail specimen after heat treatment.
The identical strategy mentioned for the as-repaired specimen regarding sample preparation, microstructure analysis,
and hardness test also is used for the as-treated specimen.

3. Results and discussions
3.1. Microstructure
3.1.1. As-repaired specimen
Fig. 3 shows the OM morphology of the as-repaired specimen. Based on Fig. 3a, the as-repaired sample technically can be
divided into three zones, i.e., the deposition zone (DZ), the heat-affected zone (HAZ), and the rail zone. Fig. 3c and d show
magnified micrographs of the rail and the HAZ, respectively. Fig. 3e to 3j show the enlarged OM micrographs of the first to
sixth deposition layers. Fig. 4 shows the corresponding SEM micrographs of the different zones. Table 2 provides the chemical compositions of the different zones of the as-repaired specimen.
The authentic microstructure of the C-Mn rail steel is thin lamellar pearlite. Accordingly, as shown in Fig. 3c, the rail
material primarily is constituted of dendritic pearlite with random lamellae orientation and pro-eutectoid ferrite. The
SEM micrograph in Fig. 4c shows that there are abundant carbides distributed throughout the pearlitic matrix. Hence, the
microstructure of the rail zone in the as-repaired specimen typically is composed of a pearlitic-ferritic microstructure that
contains thoroughly-dispersed fine carbides.
To render a crack-resistant structure for a welded/deposited alloy, a microstructure consisting of 5 to 10 vol.% of d-ferrite
must be developed. To attain this goal, the ratio of ferrite stabilizers (Cr, Si, Mo) to austenite stabilizers (Ni, C, Mn, N) must be
fine-tuned. Fu et al. (2009) identified the solidification trend of 304L as a ferritic-austenitic mode, which is demonstrated
specifically as a dash-dot vertical line in the Fe-Cr-Ni pseudobinary phase diagram in Fig. 5. Referring to Fig. 3e, the primary
austenitic microstructure of the first deposited layer (DZ-1) has three regions in the matter of the color spectrum, i.e., darketched, light-etched, and semi-dark-etched. The light-etched austenite is essentially surrounded by the dark-etched area
that represents vermicular delta ferrite. At the time of the deposition of DZ-1, the rail initially was at the ambient temperature, so DZ-1 underwent rapid cooling due to the low bed temperature. As a result, referring to Fig. 5, cooling through the d
+ c domain, i.e., from the ferrite solvus temperature, Td-solvus, to the austenite solvus temperature, Tc-solvus, occurs so rapidly
that the diffusion of Cr and Ni was eliminated. Thus, the hypothesis is that fast cooling below Tc-solvus causes a massive d ? c
transformation, and, as a consequence, d-ferrite becomes supersaturated compared to austenite (Massalski et al., 1975).
Hence, the semi-dark network in Fig. 3e resolutely offers the part of d-ferrite that is transformed to austenite via the massive
d ? c transformation process during the first step of fast cooling. Referring to Fig. 5, a critical note to mention is that, after
prolonged exposure of d-ferrite to temperatures around 600 °C, it is transformed to the brittle sigma phase (Malone, 1967;
Foroozmehr and Kovacevic, 2009). The DZ-1 has been periodically exposed to newly-induced thermal cycles when the subsequent layers were deposited, and this has kept this layer at elevated temperatures long enough to allow the d ? r transformation. Thus, one can say that part of the semi-dark region, i.e., the part that is nearer to the dark-etched retained ferrite
cellular boundaries, indeed is representing the sigma phase. The SEM micrograph of the DZ-1 in Fig. 4e shows several micropores dispersed all over the structure, and there also are signs that microcracks have developed. The gas that is entrapped in
the melt pool during LPD is the main cause of the formation of near-spherical micropores. Suutala and Moisio (1983) showed
the extent to which the cracking sensitivity of conventionally-welded, stainless steel alloys depends on their chemical compositions, specifically the total weight percentage (wt.%) of sulfur and phosphorus (P + S). Later, Pacary et al. (1990) established an improved version of the Suutala diagram specifically for laser welding. Based on their findings, cracking begins in
the microstructure of a laser-deposited 304L austenitic stainless steel only when (P + S)  0.018. Table 2 shows that the total
wt.% of P + S for DZ-1 is greater than 0.018.
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Fig. 3. (a) The metallographic sample chopped from the as-repaired specimen (see Fig. 1d); (b) A comprehensive OM macrograph covering DZ, HAZ, and
rail; (c) OM micrograph of the rail and (d) HAZ; OM micrographs of DZ are separated layer-wise in (e), (f), (g), (h), (i), and (j), representing first, second, third,
fourth, fifth, and sixth deposition layers, respectively.

Fig. 3f shows a primary d-ferrite microstructure for DZ-2. Since the deposition bed of DZ-2 was the high-temperature DZ1, it has experienced a much slower cooling rate than DZ-1. Hence, no massive d ? c transformation has occurred during the
deposition of DZ-2, which is the reason the semi-dark area has been diminished in this layer (Fig. 3f) compared to DZ-1
(Fig. 3e). The ferrites in Fig. 3f appeared mostly to be in the shape of thin, dark lines that have been laid at the cores of
the subgrains. These lines represent the Cr-enriched and Ni-depleted composition, and they are shaped during the early transient stages of the initial solidification. Table 2 also shows that, when moving from DZ-1 to DZ-2, the wt.% of ferritestabilizing chromium is increased, while wt.% values of both the austenite-stabilizing nickel and manganese are decreased.
In Fig. 4f, signs of micropores are detectable in DZ-2, but there are no distinguishable symptoms of microcracks in this layer.
Table 2 indicates that P + S in DZ-2 is less than 0.018 wt.%, which describes the absence of microcracks in this region.

6
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Fig. 4. (a) The metallographic sample chopped from the as-repaired specimen (see Fig. 1d); (b) A comprehensive SEM macrograph covering DZ, HAZ, and
rail; (c) SEM micrograph of the rail and (d) HAZ; SEM micrographs of DZ are separated layer-wise in (e), (f), (g), (h), (i), and (j), representing first, second,
third, fourth, fifth, and sixth deposition layers, respectively.

Comparing the microstructures of DZ-2 and DZ-3 in Fig. 3f and g, respectively, show that they have almost the same phase
distribution. Comparing the chemical compositions of DZ-2 and DZ-3 in Table 2 indicates that the wt.% of the ferritizers (Cr,
Si, Mo) and the wt. % of the austenizers (Ni, Mn, C, N) are almost equal in these two layers. This provides a strong rationale for
the identical microstructures of DZ-2 and DZ-3. This analogy describes that DZ-2 and DZ-3 experienced the same thermal
history, i.e., both were deposited on a hot substrate and then exposed to multiple cycles of heating and cooling due to
the deposition of the upper layers.
These same reasons explain the microstructural similarity of DZ-4 (Fig. 3h) and DZ-3 (Fig. 3g). The SEM micrographs of
DZ-3 and DZ-4 in Fig. 4g and h, respectively, show practically the same micropores and microcracks based on size and accumulation, which can be explained by noting that the total P + S wt.% for both layers is less than 0.018, as recorded in Table 2.
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Table 2
Chemical composition of the as-repaired specimen at different zones (wt.%).

8

Fe

C

Cr

Mn

Si

Ni

O

N

P

S

Cu

Mo

DZ-6*
DZ-5
DZ-4
DZ-3
DZ-2
DZ-1
HAZ
Rail

Bal.
Bal.
Bal.
Bal.
Bal.
Bal.
Bal.
Bal.

0.0179 ± 0.0021
0.0113 ± 0.0014
0.0079 ± 0.0008
0.0073 ± 0.0005
0.0061 ± 0.0005
0.0040 ± 0.0003
0.270 ± 0.051
0.790 ± 0.053

16.47 ± 1.32
16.01 ± 1.18
17.82 ± 1.44
17.67 ± 1.24
17.24 ± 1.05
15.29 ± 1.12
9.94 ± 0.17
–

1.86 ± 0.17
1.79 ± 0.15
1.50 ± 0.11
1.46 ± 0.17
1.43 ± 0.16
1.50 ± 0.16
1.16 ± 0.18
1.14 ± 0.28

0.20 ± 0.05
0.19 ± 0.03
0.25 ± 0.05
0.28 ± 0.01
0.30 ± 0.03
0.36 ± 0.05
0.27 ± 0.07
0.230 ± 0.023

8.84 ± 0.57
8.12 ± 0.54
7.21 ± 0.56
7.19 ± 0.63
7.22 ± 0.52
8.09 ± 0.49
0.062 ± 0.001
–

0.0136 ± 0.0029
0.0103 ± 0.0027
0.0176 ± 0.0026
0.0101 ± 0.0031
0.0147 ± 0.0027
0.0147 ± 0.0026
0.0016 ± 0.0008
–

0.079 ± 0.001
0.078 ± 0.001
0.082 ± 0.004
0.080 ± 0.007
0.079 ± 0.003
0.084 ± 0.003
0.00074 ± 0.00004
–

0.009 ± 0.0006
0.010 ± 0.006
0.008 ± 0.0009
0.009 ± 0.0005
0.009 ± 0.0001
0.012 ± 0.007
0.011 ± 0.007
0.043 ± 0.022

0.007 ± 0.0002
0.007 ± 0.24
0.008 ± 0.0003
0.008 ± 0.0005
0.006 ± 0.0008
0.009 ± 0.0003
0.007 ± 0.0005
0.035 ± 0.020

0.036 ± 0.003
0.027 ± 0.002
0.048 ± 0.001
0.031 ± 0.001
0.043 ± 0.003
0.031 ± 0.001
0.0014 ± 0.0001
–

0.039 ± 0.60
0.042 ± 0.005
0.041 ± 0.006
0.042 ± 0.004
0.045 ± 0.001
0.033 ± 0.006
0.0010 ± 0.0003
–

DZ – 6 means ‘‘deposition zone – sixth deposited layer”. Same description applies to the other terms listed in this Table with the same format.
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Fig. 5. Phase diagram of the Fe-Cr-Ni pseudobinary system for 304L (70 wt.% Fe) used in powder form for the LPD repair process. L: liquid; d: d-ferrite; c:
austenite; r: sigma.

Moving from DZ-4 (Fig. 3h) to DZ-5 (Fig. 3i), the general microstructure switches to primary austenite. Fig. 3i resembles a
light-etched austenitic matrix that is mixed with a dark-etched ferritic network that is appeared as acicular/lath-like ferrite.
An insignificant, semi-dark, supersaturated d-ferrite also is observable in DZ-5. This layer was not cooled as fast as DZ-1,
because of higher bed temperature, but it was cooled faster than DZ-2, DZ-3, and DZ-4 because it has been reheated only
once, while the lower layers have been reheated at least twice. Hence, DZ-5 has experienced a moderate cooling rate, i.e.,
a rate that allowed adequate time for the complete d ? c transformation. However, this time interval was too short to allow
for the development of brittle sigma, but it was not short enough to cause a great extent of massive d ? c transformation.
Accordingly, the final microstructure is primarily austenite, but there is still a slight fraction of the semi-dark, supersaturated
d-ferrite. Table 2 also shows that the wt.% of Ni and Mn, the most powerful austenizers, is increased dramatically in DZ-5
compared to the former layers. Although the other austenizer, N, is decreased in DZ-5, it is not as much of a determinant
as Ni and Mn to be able to downgrade the austenite in this layer. Exploring ferritizers in Table 2 states that Si and Cr, as
the most powerful ferrite promoters, are decreased markedly in DZ-5 rather than in the previous layers, which again
describes the logic of the primary austenite microstructure in this zone. A sensible increase in the concentration of micropores in DZ-5 in comparison with the former layers is evident in Fig. 4i. The porosity level of the laser-cladded materials is
inversely correlated with the laser power. Despite the constant laser power used to deposit all six layers, the lower layers are
exposed to laser power multiple times during the deposition of the upper layers, even though the subsequent exposures
were not as powerful as the first exposure. Therefore, a fraction of the micropores that developed in every deposited layer
has disappeared due to their being reheated. Thus, it is logical that DZ-5, which is reheated only once, has more micropores
than the lower layers that are reheated several times.
Based on the observations in Fig. 3j, DZ-6 is composed of a fine-grained microstructure in which the austenite and vermicular d-ferrite have almost the same weight. However, the results in Table 2 indicate that moving from the austenitic DZ-5
to DZ-6, the wt.% values of all of the austenizers, i.e., nickel, manganese, carbon, and nitrogen, have increased, while the ferritizers, including chromium, silicon, and molybdenum, have either increased only slightly, stayed nearly the same, or
decreased. Hence, first, since the increment of the austenizers weighs more than that of the ferritizers, and, second, because
this new region, i.e., DZ-6, is being compared with an austenitic region, i.e., DZ-5, it is concluded that the DZ-6 region primarily consists of austenite. Also, the semi-dark, supersaturated d-ferrite is reappeared in massive quantities in this region,
and the reason this occurred is attributed to this layer’s faster cooling rate. The finally deposited layer, i.e., DZ-6, was not
reheated and, in addition, its top surface was exposed to air free stream that helped enormously to cool it down faster. However, in contrast to what was discussed for DZ-1 as a result of reheating, since DZ-6 has not been reheated, there was not
enough time for the transformation of d-ferrite to the sigma phase. Thus, there is little chance that the semi-dark region
in DZ-6 contains any significant amount of the brittle sigma phase. As shown in Fig. 4j, the DZ-6 layer has a massive distri9
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bution of micropores due to the lack of reheating. The final noteworthy observation about DZ-5 and DZ-6 is the lack of microcracks in their microstructures (Fig. 4i and j), which occurred for the same reason that the wt.% of P + S in these two regions is
still below 0.018 (Table 2). Generally, the DZ microstructure is composed of austenite, d-ferrite, and sigma. DZ-1, DZ-5, and
DZ-6 are primary austenite, and DZ-2, DZ-3, and DZ-4 are primary ferrite. The volume fraction of the brittle sigma phase
decreases from DZ-1, which has the maximum fraction, to DZ-4, which has the minimum fraction among the first four deposition layers. DZ-5 and DZ-6 contain no sigma. The only layer that contains microcracks is DZ-1. Also, the size and density of
the micropores generally increase from DZ-1 up to DZ-6.
The microstructure and mechanical properties of the HAZ always are a mixture of the two adjacent zones. Going from the
rail (Fig. 3c) to the HAZ (Fig. 3d), ferrite segregation occurs and a great fraction of pearlite disappears, i.e., the minor fraction
of the retained fine-grain, non-dendritic pearlite is diffused into the ferritic network. Due to the adjusted laser power, that
can keep the substrate and the developed melt pool in the doughy state and not let it trespass into the diluted state, massive
amounts of the deposition materials cannot penetrate through to the substrate materials. Therefore, the HAZ has been, to a
great extent, immune from the intrusion of the micrograins of the deposited materials. Thus, the HAZ (Fig. 3d) has inherited
only the ferrite phase from DZ-1 (Fig. 3e), which is the only phase that exists in common between rail and DZ-1. Therefore, in
Fig. 3d, a uniform primary ferrite microstructure of HAZ is visible in which the fine, non-dendritic pearlite particles are distributed throughout the entire ferritic matrix. Such a consistent microstructure with a ferritic background can yield a satisfactory level of hardness and strength at the rail-deposition joint. Even so, based on the SEM observations in Fig. 4d, this
region has an enormous density of coarse micropores, which are the most detrimental sites because they result in the initiation of cracks, eventually resulting in the material rupture. The oscillation of the melted powder particles at the fusion
field during the LPD process and the variable local cooling rate lead to the formation of various defects that result in large
numbers of micropores in the final microstructure. The other reason for the augmentation of the micropores in HAZ can be
attributed to the nature of the C-Mn rail which, due to the high percentage of carbon, typically is poor-weldable steel to act
as a substrate. Hence, LPD on this high-carbon steel will breach micropores at the substrate-deposition interface. Also, the
chemical composition of the HAZ in Table 2 shows that the total wt.% of P + S in this region is almost equal to 0.018; this fact
makes this zone vulnerable to crack initiation, even though no cracks are visible yet in SEM (Fig. 4d). However, the good
thing about the HAZ is the dominancy of ferrite, which is a great benefit for increasing the crack resistance and yield strength
of the material. Since the HAZ is the bridge between the rail and DZ, this area has to be the pioneer regarding hardness, yield
strength, and crack resistance among all three zones to prevent any chance of cracking and delamination. Hence, it seems
necessary to heat-treat the as-repaired rail in order to alleviate the micropores and increase the immunity of the final product. The as-treated specimen is analyzed in the following section.
3.1.2. As-treated specimen
Figs. 6 and 7 give OM and SEM morphologies of the as-treated specimen, respectively, and its chemical distribution is
given in Table 3.
Regarding the rail zone, its pearlitic microstructure before heat treatment (Fig. 3c) is switched to a bainitic microstructure
(Fig. 6c). The dominant bainitic ferrite plates appear as dark islands and contain untempered martensite along with retained
austenite. The minor portion of the light-color, fine-grain bainite also is observable in the rail zone in Fig. 6c. SEM capture
from the as-treated rail zone in Fig. 7c gives a clearer vision of the bainitic ferrite plates, where martensite and austenite are
shown as full-dark and semi-dark areas, respectively. The SEM also shows a mild agglomeration of precipitated carbides that
are distributed evenly in the entire ferritic network. The bainitic microstructure of the as-treated rail that contains ferrite
laths with interdendritic carbides is categorized as lower bainite. It also is quite obvious the extent to which the rail zone
is suffering from the established coarse micropores as they are dash-encircled in Fig. 7c. The aggregation of micropores after
water quenching is due chiefly to the dissolution of CO2, which occurs as a result of water exposure and, consequently, the
intrusion of H2CO3 and FeCO3. The dissolute CO2 forms a porous structure where the cementite lamellae, Fe3C, is precipitated
along the boundaries of the micropores (López et al., 2003). The intrusion of a high wt.% of oxygen into the rail zone (Table 3)
attests the described oxidation chain during heat treatment.
One of the featured homogenizing effects of heat treatment can be seen in the as-treated DZ, where there is almost no
microstructural inconsistency among different deposition layers (Fig. 6b) compared to that of the as-repaired specimen
(Fig. 3b). The fusion boundaries between the deposition layers have been disappeared entirely, and, after heat treatment,
the DZ becomes an integral zone. The residual thermal stresses that are generated in the as-repaired specimen during the
LPD heating-cooling cycles will act as the motive force for recrystallization during heat treatment. This phenomenon results
in relieving the stress thereby reducing the grain boundary interfacial free energy. As a result, the low-angle boundaries of
the as-repaired specimen are switched to high-angle boundaries in the as-treated sample, which makes them almost parallel
to the interlayer crystallographic orientation, which eliminates the existing misorientation at the fusion boundaries. Thus,
due to the lack of interlayer boundaries in the as-treated sample to help discern the different deposition layers, the OM
and SEM micrographs in Figs. 6 and 7 are captured at the same corresponding locations in Figs. 3 and 4 to track the
microstructural evolution of each zone.
Fig. 8 shows a cross-section morphology of the microcracks that are developed at the rail-DZ interface. The current microcracks in this zone are now significantly larger after heat treatment than they were before heat treatment (Fig. 4e). Fig. 8
shows the severe oxidation around the microcracks in DZ-1 and the bonding defects at the rail-DZ interface. The cracks
and defects, that had already developed, provide accelerated diffusion paths for oxygen and iron, meaning that they expose
10
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Fig. 6. (a) The metallographic sample chopped from the as-treated specimen; (b) A comprehensive OM macrograph covering DZ and rail; (c) OM
micrograph of rail and (d) HAZ; due to the disappearance of the interlayer boundaries at the DZ, OM micrographs are taken from the same corresponding
locations in Fig. 3 at the (e) first, (f) second, (g) third, (h) fourth, (i) fifth, and (j) sixth deposition layers.

the adjacent materials to air and consequently facilitate the oxidation to occur there, making it even faster than it is at other
potential locations, such as grain boundaries and deformation bands. The oxidation cracks that have propagated in the intergranular boundaries decrease the bonding strength of the grain boundaries by forming a thick oxide film at those bonding
defects, thereby producing a considerable degrading effect on the fatigue performance. The chemical compositions of DZ-1
before and after heat treatment are provided in Tables 2 and 3, respectively, and they show a significant increase in the wt.%
of oxygen, which explains the acute oxidation that occurred in this zone.
A general comparison of Fig. 3e-j with Fig. 6e-j shows that the heat treatment has transformed the heterogeneous, coarse
microstructure of the DZ into a homogeneous, fine-grain structure. During the heat treatment of stainless steels, oxide inclusions have a determinant role in forming the steel microstructure by participating as nucleation sites for solidification and
phase transformation. It was reported by Takano et al. (2003) that heat treatment changes the composition of oxide inclu11
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Fig. 7. (a) The metallographic sample chopped from the as-treated specimen; (b) A comprehensive SEM macrograph covering DZ and rail; (c) SEM
micrograph of rail and (d) HAZ; due to the disappearance of the interlayer boundaries at the DZ, OM micrographs are taken from the same corresponding
locations in Fig. 4 at the (e) first, (f) second, (g) third, (h) fourth, (i) fifth, and (j) sixth deposition layers.

sions in stainless steel, which is highly dependent on the concentration of Mn, Si, and Cr. They showed that the leading cause
of the fine grain structure in heat-treated austenitic stainless steel is the dissolution of the coarse MnO-SiO2 inclusions and
the precipitation of fine MnO-Cr2O3 inclusions during heat treatment. They also concluded that this transition occurs only if
the initial Si content is sufficiently low, i.e., < 0.3 wt.%, otherwise the oxide inclusions remain as MnO-SiO2. Referring to
Table 2, the initial values of the wt.% of Si before heat treatment in all of the deposition layers were kept equal to or below
the boundary value of 0.3 except for DZ-1 in which the Si content exceeded 0.3% by a small amount. This fact describes the
fine grain structure of the as-treated DZ, where the precipitated MnO-Cr2O3 inclusions have suppressed the common graincoarsening effect of heat treatment. Regarding the phase distribution, despite the visible overall balance between the lightetched austenite and the dark-etched d-ferrite in the DZ micrographs (Fig. 6e-j), tracing from Fig. 6e-j shows a gradual intensification of the light lands of austenite. Ren et al. (2017) concluded that MnO-Cr2O3 inclusions have a strong pinning effect
12
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Table 3
Chemical composition of the as-treated specimen at different zones (wt.%).
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Fe

C

Cr

Mn

Si

Ni

O

N

P

S

Cu

Mo

DZ-6*
DZ-5
DZ-4
DZ-3
DZ-2
DZ-1
HAZ
Rail

Bal.
Bal.
Bal.
Bal.
Bal.
Bal.
Bal.
Bal.

0.019 ± 0.002
0.023 ± 0.002
0.015 ± 0.004
0.008 ± 0.001
0.080 ± 0.003
0.073 ± 0.001
0.294 ± 0.045
0.305 ± 0.053

9.74 ± 0.23
7.49 ± 0.35
10.08 ± 1.16
8.01 ± 0.17
10.94 ± 1.19
10.26 ± 1.98
3.24 ± 0.10
0.92 ± 0.23

1.46 ± 0.22
1.54 ± 0.24
1.48 ± 0.22
0.98 ± 0.07
1.16 ± 0.22
1.10 ± 0.21
0.57 ± 0.17
0.138 ± 0.017

0.19 ± 0.04
0.27 ± 0.03
0.21 ± 0.01
0.23 ± 0.01
0.31 ± 0.02
0.32 ± 0.04
0.13 ± 0.09
0.057 ± 0.001

7.62 ± 0.59
8.22 ± 0.66
7.25 ± 0.56
7.15 ± 0.56
6.80 ± 0.56
5.40 ± 0.47
0.22 ± 0.02
–

0.72 ± 0.05
0.80 ± 0.04
0.67 ± 0.07
0.89 ± 0.05
0.78 ± 0.05
0.97 ± 0.07
1.28 ± 0.80
1.35 ± 0.24

0.082 ± 0.003
0.071 ± 0.006
0.078 ± 0.005
0.062 ± 0.008
0.043 ± 0.001
0.051 ± 0.006
0.0032 ± 0.0002
–

0.0004 ± 0.0002
0.0004 ± 0.0001
0.0009 ± 0.0001
0.0017 ± 0.0003
0.0091 ± 0.0008
0.0102 ± 0.0011
0.017 ± 0.001
0.015 ± 0.009

0.0002 ± 0.0001
0.0005 ± 0.0002
0.0012 ± 0.0005
0.0023 ± 0.0003
0.0125 ± 0.0013
0.0140 ± 0.0031
0.020 ± 0.003
0.011 ± 0.007

0.042 ± 0.004
0.009 ± 0.001
0.015 ± 0.001
0.025 ± 0.005
0.083 ± 0.007
0.011 ± 0.005
0.0028 ± 0.0004
–

0.043 ± 0.005
0.036 ± 0.001
0.039 ± 0.003
0.042 ± 0.001
0.036 ± 0.007
0.012 ± 0.007
0.0082 ± 0.0003
–

DZ – 6 means ‘‘deposition zone – sixth deposited layer”. Same description applies to the other terms listed in this Table with the same format.
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Fig. 8. Close view of the microcracks that are developed in the as-treated specimen at the rail-DZ interface through (a) OM and (b) SEM morphology.

on the austenite grain boundaries in 304 stainless steel. The descending trend of the wt.% of Si from DZ-1 up to DZ-6 in the
as-repaired specimen (Table 2) yields an ascending trend of MnO-Cr2O3 inclusions along the same path for the as-treated
sample. More MnO-Cr2O3 contributes to pinning more austenite grain boundaries, which ultimately contributes to the
higher austenite volume fraction after heat treatment. Table 3 also shows that, when moving from DZ-1 to DZ-6, the Cr
and Si ferritizers decrease, but the austenizing elements of Ni and N generally increase. The gradual transition from a balanced dark-light microstructure in DZ-1 to a primary light microstructure in DZ-6 also is visible in the SEM micrographs
in Fig. 7e-j. Explanation of the intensification of the austenite also can be made based on the pseudobinary diagram in
Fig. 5, in which the solution treatment temperature (1150 °C) lies in the autenization area and allows space for austenite
expansion. However, the high percentage of ferritizers and MnO-SiO2 inclusions in some areas do not allow the austenite
to grow extensively. It also is important to note that the solution treatment at temperatures above 700 °C for long periods
will allow sigma to fully transform to d-ferrite. Thus, one can say that the brittle sigma phase almost completely disappeared
in the as-treated specimen. Comparing the SEM macrograph of the as-repaired sample (Fig. 4b) to the SEM macrograph of the
as-treated sample (Fig. 7b) illustrates how heat treatment could help transform a porous, imbalanced DZ into a consistent
microstructure with a meager fraction of micropores. As was discussed in Sec. 3.1.1, reheating helps relieve a considerable
fraction of the micropores. Therefore, the isothermal tempering step contributes to a rearranged recrystallization in which a
great amount of the micropores are disappeared. In summary, the as-treated DZ primarily contains austenite and d-ferrite,
and the sigma phase is completely dissolved. Although the two constitutive phases are fairly in balance in DZ-1, the volume
fraction of austenite increases gradually when moving towards the upper layers from DZ-1 to DZ-6. Heat treatment, as
expected, generally could transform the DZ from a porous medium into a solidified, impermeable region by removing a significant fraction of the existing micropores. Even so, the existing microcracks in DZ-1 are intensified after heat treatment,
which can have an adverse effect on the fatigue performance of the repaired rail.
Comparing Fig. 3a and b to Fig. 6a and b show that there is no discernible HAZ in the as-treated sample, neither with the
naked eye (Fig. 6a) nor when using a microscope (Fig. 6b); it is literally split into two regions of rail and DZ, without any
transition region in between. The related OM and SEM micrographs of the former location of HAZ in Fig. 6d and 7d, respectively, show a microstructure that is quite close to that of the as-treated rail zone (Fig. 6c and 7c). However, in HAZ compared
to the rail zone, it clearly can be distinguished that the volume fraction of the deep-dark martensite has decreased and that
the volume fraction of the semi-dark austenite has increased. Besides, the light-etched bainite is obviously more condensed
in HAZ than it is in the rail region. Precipitated carbide particles throughout the bainitic matrix also are visible in Fig. 7d.
Comparing the chemical composition of the as-treated HAZ (Table 3) with the as-repaired HAZ (Table 2) shows that the leading ferritizing elements of Cr and Si have decreased, but the austenizing Ni, C, and N have increased as a result of the heat
treatment. Hence, this fact indicates why the primary ferrite HAZ (Fig. 3d) is switched to a bainitic structure that contains a
massive amount of austenite (Fig. 6d). Regarding the grain size, the heat treatment has noticeably coarsened the grain structure of the HAZ. The aggregation of micropores also is apparent in this zone (Fig. 7d) as was the case in the rail zone. The
reasons for this were discussed earlier when the as-treated rail area was analyzed.
3.2. Hardness
Hardness is evaluated from the topmost deposited layer on the repaired rail (DZ-6) downwards to a depth of 7 mm in a
way to cover all of the studied zones, including DZ, HAZ, and rail. Fig. 9a and b, respectively, show the measured hardness
distribution for the as-repaired and as-treated samples. The hardness of each zone is measured nine times at nine different
sampled locations of the repaired rail, and the presented values in Fig. 9 are the average measured hardness at each zone. The
red dashed line in Fig. 9 shows the minimum required hardness for standard U.S. light rails, 97 HRB, as assigned by AREMA
Manual for Railway Engineering (2017).
Fig. 9a clearly shows that the hardness of the as-repaired rail is thoroughly below the minimum requirement. The minimum hardness (80 HRB) occurs in DZ-6 and DZ-5, which have a primary austenite microstructure. Based on Fig. 9a, going
14

International Journal of Transportation Science and Technology xxx (xxxx) xxx

E. Mortazavian, Z. Wang and H. Teng

Fig. 9. Hardness distribution: (a) in the as-repaired rail; (b) in the as-treated rail. The red dashed lines represent the minimum required hardness for
standard U.S. light rails assigned by AREMA Manual for Railway Engineering (2017).

from DZ-5 to DZ-4, the hardness is increased dramatically, from 80 to around 90 HRB (about a 12.5% increase), which, for the
most part, can be attributed to the transition of the microstructure from primary austenite (Fig. 3i) to primary ferrite
(Fig. 3h). The intrusion of the brittle sigma phase in DZ-4 is the second determining factor for such a considerable increment.
The hardness continues to increase from DZ-4 to DZ-2 due to the increase of the sigma volume fraction along this path
(Fig. 3h to g to f). Although sigma also continues to increase from DZ-2 (Fig. 3f) to DZ-1 (Fig. 3e), the primary microstructure
switches back from ferrite to austenite, which has a more decisive effect on the value of hardness than the effect of sigma
growth. This ultimately results in a 6% reduction of hardness from 93 HRB in DZ-2 to 87 HRB in DZ-1. The austenite-to-ferrite
changeover and also the increase in the value of sigma from DZ-5 to DZ-4 both contributed to the increased hardness. But,
from DZ-2 to DZ-1, while the ferrite-to-austenite transition reduces the hardness somewhat, the sigma volume fraction
increment tries to increase the hardness, although not as strong as the hardness reducer parameter. Therefore, the decrease
in the hardness from DZ-2 to DZ-1 is not as sharp as the increase in the hardness from DZ-5 to DZ-4. The maximum hardness
is reached at HAZ, where an alteration occurs from primary austenite at DZ-1 to a fine pearlitic-ferritic network at HAZ, so
the hardness increases from 87 to 96 HRB. Fig. 9a shows that there is no significant difference between the hardness of the
rail zone and the hardness of HAZ. Both of them consist of a ferrite-pearlite network (Fig. 3c and d), but the rail has a coarsegrain microstructure and consequently has a relatively lower hardness than the fine-grain HAZ.
The hardness distribution of the as-treated rail in Fig. 9b shows how effectively the employed heat treatment increased
the hardness throughout the repaired rail. The hardness values generally are shifted to higher amounts than the minimum
required, except for the two upper deposition layers of DZ-5 and DZ-6. The major reason for such an enhancement of hardness is the evolution from a coarse, inhomogeneous grain structure (Fig. 3e-j) to a fine, homogenous structure (Fig. 6e-j). All
of the as-treated deposition layers have an austenite-ferrite microstructure. A clear conclusion from Fig. 9b is that there is an
inverse correlation between the volume fraction of austenite and the hardness values; DZ-6 with the highest austenite volume fraction (Fig. 6j) has the lowest hardness of 94 HRB, and DZ-1, with the minimum volume fraction of austenite (Fig. 6e)
has the maximum hardness, i.e., 108 HRB, among the deposition layers. In more general terms, the gradual deterioration of
austenite from DZ-6 downwards to DZ-1 has led to a steady increase in hardness along the same path. Another affirmation of
the homogenizing effect of heat treatment is the uniform distribution of hardness between DZ-1, HAZ, and the rail zone in
the as-treated sample in Fig. 9b without any sign of harsh fluctuations such as occurred for the as-repaired sample in Fig. 9a.
HAZ and rail zone in the as-treated specimen are slightly harder than DZ because of the martensitic microstructure (Fig. 6c
and d) and the precipitated carbides (Fig. 7c and d).
There is an inverse relationship between hardness and wear rate, which means that the higher the hardness becomes, the
lower the wear rate becomes. However, excessive hardness will result in brittleness, which increases the cracking susceptibility. Therefore, as mentioned in Sec. 2.1, the existence of martensite in the final rail microstructure is banned by AREMA
standards because of the brittle characteristic of this constituent, which would result in the early initiation and propagation
of cracks. The promising result of the current case study is that the deposition materials on the top of the rail are free of
martensite. Also, although the hardness of the upper deposition layers is slightly lower than the minimum required
(2%), the overall hardness of the deposition materials is at an acceptable level. The heat treatment could deliver a fine grain
structure in the deposition area with a minimum concentration of micropores. Even so, the as-treated rail substrate has two
adverse characteristics, i.e., 1) its martensitic microstructure (Fig. 6c) and 2) a considerable accumulation of coarse micropores (Fig. 7c). Although the rail substrate will not be in direct tribological contact with the wheels of the train and, hence,
is not a primary matter of concern, a porous, brittle microstructure is significantly susceptible to early cracking under
dynamic train loads. Aside from all of these concerns, the major concern about the final product is the presence of detrimental cracks at the rail-deposition interface. Propagation of these cracks under dynamic loads will lead to premature failure and
delamination of the deposited steel.
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To conclude, the ultimate outputs of LPD repairing the standard 75-lb U.S. light rail using the austenitic 304L stainless
steel seem promising regarding the microstructure and hardness properties. However, the developed martensite in the rail
substrate and the initiated cracks at the rail-deposition interface are adverse occurrences. Prevention of the nucleation of
martensite in the rail material can be achieved by isolating the rail substrate so that it is not heated during the post-heat
treatment of the repaired rail. The crack initiation at the rail-deposition interface can be alleviated or eliminated by preheating the head of the worn rail as the LPD substrate. Evaluation of the recommended pre- and post-processing requires additional experimental studies to ultimately achieve a promising LPD rail repair process with minimum defects in the final
product.
4. Conclusions
This study investigated the utilization of the LPD technique to repair a worn 75-lb light rail (used in U.S. intercity light
transportation). The LPD rail repair was followed by a heat treatment process in order to increase the hardness to above
the standard minimum requirement.
The examination of the microstructure and hardness of the as-repaired specimen said that:
 The rail substrate typically was composed of a pearlitic-ferritic microstructure. The deposition zone (DZ) contained a total
of six deposition layers, which generally included austenite, d-ferrite, and sigma phases. The first, fifth, and sixth layers
were primary austenite, and the second, third, and fourth layers were primary ferrite. The volume fraction of sigma
decreased gradually from the first layer to the sixth layer. There were visible signs of microcracks in the first layer near
the rail-deposition interface. Micropores also were detectable in all of the layers. The HAZ consisted of a fine-grain, nondendritic, pearlitic-ferritic microstructure.
 The hardness distribution showed quite a low hardness in the repaired rail. All of the zones had hardnesses below the
standard minimum required of 97 HRB.
The following observations were made for the as-treated rail:
 The rail microstructure was switched to lower bainite, containing ferrite laths with interdendritic carbides. The
microstructure of the HAZ was found quite close to the rail substrate. The existing micropores in the rail and HAZ were
observed to have been aggregated and coarsened. The DZ primarily contained austenite and d-ferrite, and the sigma phase
disappeared completely. Regarding the volume fraction, austenite and ferrite were in balance in the first deposition layer,
but austenite was increasing continuously towards the sixth layer. The existing micropores in the DZ were considerably
alleviated. However, the detrimental microcracks at the rail-deposition interface were intensified.
 The measurement of hardness showed a dramatic increase in the overall hardness of the as-treated rail. The hardness of
all of the investigated zones was successfully above the minimum required, except for the two upper deposition layers
that were still slightly softer than the least acceptable hardness.
The overall evaluation indicated that LPD is a promising rail repair technique. However, to achieve a perfectly repaired
rail, the microcracks and micropores that developed must be minimized or eliminated. Preheating before the LPD rail repair
process and isolating the rail substrate during heat treatment are suggested solutions that will require further studies in the
future.
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